Four membrane filter methods for the enumeration of fecal coliforms were compared for accuracy, specificity, and recovery. Water samples were taken several times from 13 marine, 1 estuarine, and 4 freshwater sites around Puerto Rico, from pristine waters and waters receiving treated and untreated sewage and effluent from a tuna cannery and a rum distillery. Differences of 1 to 3 orders of magnitude in the levels of fecal coliforms were observed in some samples by different recovery techniques. Marine water samples gave poorer results, in terms of specificity, selectivity, and comparability, than freshwater samples for all four fecal coliform methods used. The method using Difco m-FC agar with a resuscitation step gave the best overall results; however, even this method gave higher false-positive error, higher undetected-target error, lower selectivity, and higher recovery of nontarget organisms than the method using MacConkey membrane broth, the worst method for temperate waters. All methods tested were unacceptable for the enumeration of fecal coliforms in tropical fresh and marine waters. Thus, considering the high densities of fecal coliforms observed at most sites in Puerto Rico by all these methods, it would seem that these density estimates are, in many cases, grossly overestimating the degree of recent fecal contamination. Since Escherichia coli appears to be a normal inhabitant of tropical waters, fecal contamination may be indicated when none is present. Using fecal coliforms as an indicator is grossly inadequate for the detection of recent human fecal contamination and associated pathogens in both marine and fresh tropical waters.
The method using Difco m-FC agar for fecal coliform recovery was first included in Standard Methods for the Examination of Water and Wastewater (1) in 1971. Since then, several studies have suggested that this technique works better than total coliform methods for assaying the microbiological contamination level of different types of water, e.g., potable and recreational (4, 5, 7, 8, 20) . Fecal coliform methods are more specific and less ambiguous than total coliform methods (4, 5, 7, 8, 20) . However, it should be noted that the drinking water regulations in most countries are still based upon total coliform assays. Several m-FC methods have also been developed to improve recovery by providing for the resuscitation of physiologically injured cells and increasing the specificity of the method towards the target organism, Escherichia coli.
Nowhere is the importance of accurate determination of recent human fecal contamination greater than in the tropics. The diversity and severity of waterborne diseases is greatest in tropical environments. Since most countries in tropical climates are underdeveloped, with poor medical services, and large populations that are undernourished and ill housed, waterborne diseases may have a much greater effect on public health in the tropics than in temperate areas. Few studies have examined the efficacy of total coliform and fecal coliform standards in the tropics. Lavoie (20) compared isolates from fecal coliform and total coliform assays of well water in the Ivory Coast and found a much higher proportion of E. coli isolates from m-FC agar. Although Lavoie (20) found high densities of fecal coliforms (51 CFU/100 ml) in his untreated groundwater samples, he assumed this reflected a high degree of fecal contamination of his samples. Our own studies in Puerto Rico have shown that E. coli is capable of surviving for long periods of time in tropical rivers and that it can be isolated from many habitats not known to have any human or animal fecal contamination (6, 16, 21) . In addition, we have also found that E. coli can survive even in certain polluted marine environments (9, 16, 22, 27 (Millipore) . All techniques, methods, and media were as described by Pagel et al. (25) . All incubation conditions were as described previously (1) . Fecal coliform densities were also determined by the MPN technique, with A-1 broth, EC medium, and brilliant green lactose bile broth as previously described (1) . Identi test for differences between sites and species. Multiple correlation and regression analyses were used to determine relationships between parameters measured. Heteroscedastic data were made more homoscedastic by using the appropriate transformation before analysis. Any probability less than or equal to 0.05 was considered significant (29) .
RESULTS AND DISCUSSION
Comparison of recovery efficiencies for the four test media against the nonselective reference medium showed that m-FC2 gave the best overall mean recovery ( Specificity and selectivity for both freshwater and marine samples are shown in Table 2 . If we accept 15% as the upper limit for a false-positive rate as Pagel et al. did (25) , then none of the methods are acceptable. All the methods, except m-FC2, had higher rates of false-positive error for marine samples. However, even the freshwater samples for m-FC, m-FC2, MMB, and mTEC were grossly unacceptable, i.e., >20%. Pagel et al. (25) found that temperate freshwater false-positive errors were never greater than 18% for any method. Thus, it would seem that in tropical waters, there are more bacteria that are not E. coli but give a positive fecal coliform reaction for these methods of enumeration. Since the ambient water temperature is much higher and never falls below 18°C, more thermotolerant species of bacteria should be expected as background flora.
Pagel et al. (25) used an accepted limit of 5% for undetected-target error. Thus, the mTEC method had an unacceptable undetected-target error for both freshwater and marine samples. All (25) . Selectivity for tropical fresh waters ranged from 69 to 84% for freshwater samples, whereas marine water selectivities were significantly lower for all methods (58 to 81%). The m-FC2 method gave the highest selectivity, as also observed by Pagel et al. (25) for temperate waters. The lowest selectivity reported for temperate water samples by these methods was 85%; thus, all of the methods had 6 to 35% lower selectivities in tropical waters (25) .
Estimated densities of fecal coliforms at the different sites were high and extremely variable ( Table 3) . Differences of 2 to 3 orders of magnitude in recoveries were observed among the different methods for the same site. The MPN method gave significantly lower density estimates for all sites, except those associated with a coral reef. High densities of fecal coliforms have been observed for a large number of sites in Puerto Rico, many times in the complete absence of any known fecal contamination (3, 6, 9, 13, 14, 16, 21, 22, 27) . Several studies by our laboratory have shown that E. coli can survive in tropical fresh waters in membrane diffusion chambers for weeks without any apparent loss of activity (6, 13, 15, 21) . The survival of high densities of E. coli was even observed in tropical marine waters receiving high concentrations of organic effluents (3, 9, 13, 15, 22, 27). Other tropical environments, both marine and freshwater, have also been observed to have high densities of coliforms; however, this has always been assumed to represent gross fecal contamination, even when no source was apparent (8, 10, 12, 20) .
Confirmation of target and nontarget colonies as E. coli showed that a maximum of 70% of the colonies was actually E. coli for any method (Table 4) . Temperate samples typically have confirmation rates at least 18% higher for any of the four methods (25) . Nontarget confirmation was low for tropical waters and not significantly different from temperate-water studies (25) high recoveries, whereas in our study, the mTEC method gave the lowest recoveries of target colonies in tropical fresh waters and was ranked third for tropical marine waters. Nontarget recoveries were lowest overall for the m-FC2 (data not shown). Previous studies by our lab have shown method for both fresh and marine samples ( Table 6 ). The that Klebsiella pneumoniae, Pseudomonas aeruginosa, and mTEC method gave significantly lower recoveries in fresh Aeromonas hydrophila also have extended survival times waters contaminated with sewage. Consistently lower and high natural densities in both fresh and marine tropical nontarget recoveries were observed for both the m-FC2 and waters (3, 6, 9, 13, 15, 16, 21, 22, 27) . Pagel et al. (25) mTEC methods. Pagel et al. (25) found that the MMB observed higher numbers of nontarget isolates of E. coli for method gave the lowest background counts in temperate MMB and very similar proportions for the other three fresh waters; however, the mTEC method was always methods for temperate water samples; however, this is to be second in their study. The average background counts for expected in colder temperate waters which might select for our tropical water samples were twice as great as those nonthermotolerant strains of E. coli or cause greater thermal recorded for temperate water samples (25) . It is not surprisinjury.
ing to find high densities of naturally occurring mesophilic
Comparing recoveries of fecal coliforms from various bacteria in environments that have high average temperafreshwater and marine sources (Table 5) , the m-FC2 method tures. In examining the ratios of target to nontarget colonies with the resuscitation step gave the highest overall target per filter, the m-FC2 method gave the lowest ratios for both fresh and marine samples, followed by MMB for freshwater of both fecal coliforms and nontarget organisms was greater samples and mTEC for marine samples ( (25) .
temperate (25) and tropical waters; however, in tropical Table 8 presents a summary of the performance paramewaters, the performance of all methods was grossly inferior ters for our study and those values obtained by Pagel et al.
to the methods in temperate waters (25) . Indeed, the m-FC2 (25) for temperate waters. Laboratory assays for accuracy method, our best performing method, gave higher falsewere the same, although false-positive errors were higher as positive error, higher undetected-target error, lower seleca result of larger numbers of thermotolerant bacteria in tivity, and higher recovery of nontarget organisms than tropical waters. Undetected-target errors were the same or MMB, the worst method for temperate waters (25 (3, 6, 9, 13, 14, 16, 21, 22, 27) . In view of these thermotolerant species. Comparability showed that recovery findings, the isolation of fecal coliforms from waters in (1) 18 (4) 19 (1) 2 (2.5) 11 (1) 90 (1) 82 (1) 48 (1) 94 (1) 15 (4) 19 (2) 13.5 7 1.5 1 mTEC 94 (2) 93 (2) 13 (2) (3) 7 (2) 18 (1) 
